Besides the wide use of engineered nanomaterials (NMs) in technical products, their applications are not only increasing in biotechnology and biomedicine, but also in the environmental field. While the physicochemical properties and behaviour of NMs can be characterized accurately under idealized conditions, this is no longer the case in complex physiological or natural environments. Herein, proteins and other biomolecules rapidly bind to NMs, forming a protein/biomolecule corona that critically affects the NMs' (patho)biological and technical identities. As the corona impacts the in vitro and/or in vivo NM applications in humans and ecosystems, a mechanistic understanding of its relevance and of the biophysical forces regulating corona formation is mandatory. Based on recent insights, we here critically review and present an updated concept of corona formation and evolution. We comment on how corona signatures may be linked to effects at the nano-bio interface in physiological and environmental systems. In order to comprehensively analyse corona profiles and to mechanistically understand the coronas' biological/ecological impact, we present a tiered multidisciplinary approach. To stimulate progress in this field, we introduce the potential impact of the corona for NM-microbiome-(human)host interactions and the novel concept of 'nanologicals', i.e., the nanomaterial-specific targeting of molecular machines. We conclude by discussing the relevant challenges that still need to be resolved in this field.
Introduction
One way of swiftly judging the relevance and up-to-dateness of a scientific topic is to examine the available databases. As illustrated in Fig. 1 , querying PubMed by using the search criteria 'nanoparticles' and 'corona' reveals that more than 430 reports have been published on this topic, and the number has increased almost sevenfold over the last 5 years. Albeit numbers do not always equalize scientific quality, it is obvious that the 'nanoparticle corona' represents a still unresolved hot topic, with high scientific and economic relevance.
This trend is almost expected, since the technical applications of engineered nanomaterials (NMs) and also their (intended) use in biotechnology and biomedicine is steadily growing.
1,2 Such developments will also lead to an increasing exposure of humans and the environment to NMs. NMs can be produced in almost unlimited combinations to take advantage of properties related to their chemistry, shape, size and surface characteristics. 3 Due to their high surface free energy, NMs adsorb (bio)molecules upon contact with biological and/or abiotic environments, forming the so-called (bio)molecule corona. [4] [5] [6] Thus, whereas the physico-chemical properties and behaviour of NMs can be engineered and controlled in technically stable, protected environments, such as technical products, this is no longer the case in complex physiological or natural environments. Such 'complex environments' are not only represented by simple and higher organisms, including humans, but also by complex solid and liquid interfaces to which NMs are exposed during their technical application and/or following the intended/ unintended exposure of humans and following their release into the ecosystem. Moreover, complex organisms are further composed of various additional 'complex microenvironments', such as organs and cells, which also differ quite dramatically in their physico-chemical composition ( Fig. 2A and B) .
As an example, the human lung is depicted in Fig. 2 . The respiratory system is not only involved in breathing, but also represents a main target for inhaled or deliberately applied nanoparticles (NPs). In humans and other mammals, the lung contains the respiratory bronchioles, the alveolar ducts and the alveoli, in which gas exchange takes place (Fig. 2B ). Oxygen and carbon dioxide are passively exchanged by diffusion between the gaseous external environment and the blood. There are several reasons why the alveolar-capillary barrier can be considered as one of the main targets of inhaled NPs, leading to local or systemic effects: (i) the location of the alveolar epithelium beyond the mucociliary escalator clearance mechanism of the conducting airways; (ii) the impaired or less effective recognition of NPs by alveolar macrophages, the first line of defence against particulates that have escaped the mucociliary escalator; (iii) the relatively large alveolar epithelial surface area estimated at 100 to 140 m 2 ; and (iv) only a thin cellular barrier from the airspace to the capillary blood is presented by the alveolar epithelial (type I (ATI) and type II (ATII)) and pulmonary capillary endothelial cells (Fig. 2B) . Moreover, the lung contains the pulmonary surfactant, a thin lipid-protein film coating the cellular surface of the mammalian lung (Fig. 2B ). Its major function is the reduction of surface tension, thereby reducing the work of breathing. The main constituents of the lung surfactant are lipids. Although present only in small amounts, surfactant spsecific proteins (SP-A, SP-B, SP-C and SP-D) are highly important for the proper function of the lung surfactant. In particular, the proteins SP-A and SP-D can bind to carbohydrates on the surface of pathogens and thereby opsonize them
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for uptake by phagocytes (Fig. 2C) . Surfactant degradation or inactivation may thus contribute to enhanced susceptibility to lung inflammation and infection. However, whether the interaction with nanosized objects has similar (patho)physiological consequences remains to be investigated. Clearly, the lung surfactant, epithelial, endothelial and immune cells represent quite different microenvironments that the NPs encounter and have to overcome prior to potentially entering the bloodstream. 7, 8 It is expected,
though not yet fully proven, that (all) of these microenvironments affect the formation and fate of a nanoparticle corona. So far, the focus in 'corona research' has mostly been on blood plasma-or/and bovine serum containing cell culture media-induced protein corona formation. [4] [5] [6] Whereas studies of the NP corona recovered from physiological fluids from other organs, such as the lung, the brain or gut, are emerging, 7, 8 comprehensive reports on the composition and relevance of the corona in ecosystems are still missing. Indeed, querying PubMed reveals only a few studies investigating the composition of the corona in 'natural environments', such as complex aqueous media or soil systems. [9] [10] [11] [12] Even though physiological environments, such as plasma, intestinal fluid or the lung surfactant, are complex enough, environmental systems, such as different types of water or soil, are even more complex, being composed of many different chemical and physical molecules, and biotic and abiotic matter, which, in addition, are experimentally hard to control. Also, very little is (mechanistically) known about the relevance and impact of the biomolecule corona on the interaction of NPs with environmental soil or water organisms, or on the NMs' environmental fate, their biotransformation and/or their potential adverse effects. Hence, this topic requires particular scientific and regulatory attention and, thus, will be further discussed in our review.
Die hard -hard corona, soft corona, protein clouds -what do we really need?
Although protein adsorption on to surfaces has long been known about since the pioneering work by Vroman in 1962, 13 the term 'protein corona' was only introduced to the nanoparticle community much later in the study of Cedervall and colleagues, 14 which stimulated a whole field of new investigations. Albeit somehow loosely defined, the term 'hard protein corona' was coined to describe the long-lived equilibrium state, representing an analytically accessible protein/biomolecule 
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signature of a nanoparticle/NM in a certain environment. 5, 6, 15, 16 In addition, some models further suggest that on top of this 'hard corona' with a rather low complexity, a 'soft protein corona' or even 'protein clouds' exist, consisting of loosely associated and rapidly exchanging highly complex layers of biomolecules (Fig. 3A) . 4, 14, [16] [17] [18] However, since this 'soft corona' desorbs during current purification processes, its existence, analytical dissection and, particularly, its relevance for effects at the nano-bio interface remains to be fully confirmed. Moreover, these terms are not used when describing other corona types, such as those formed by lipids. 7 Thus, transferring knowledge from the field of cell biology, natural or chemical ligands can stimulate (patho)physiological reactions by interacting with receptors. 19 However, albeit low affinity binding to other receptors or non-receptor proteins may exist as well, only efficient ligand-target protein interactions will ultimately trigger biological responses (Fig. 15) . 19 Thus, in the context of the life sciences, such as biology or medicine, unspecific ligand-receptor interactions are hardly discussed and no discrimination between 'soft' or 'hard' ligand-receptor interactions are made. Hence, as inspection of the current literature revealed that the term 'soft' versus 'hard' corona seems to mostly create more confusion than helping to describe and resolve scientific questions, we suggest to generally refer to analytically accessible NP-protein complexes simply as the 'protein corona' (Fig. 3B ). As such, we will use this term throughout the review.
Crown of thorns -factors influencing the biomoleculecorona's composition
Clearly, it is the biomolecular corona (herein termed the biomolecule corona) that primarily interacts with biological systems and thereby constitutes a major element of the nanoparticles' biological identity. 5, 6, 16, 20, 21 The bio-physical properties of such a corona-covered NP often differ significantly from those of the formulated pristine particle during manufacturing. 5, 6, 16, [22] [23] [24] Albeit 'chemically speaking', there are no 'naked' or 'pristine' NPs, we here refer to such NPs in biomolecule-free environments. From a regulatory aspect, (bio)molecule-coated NMs may therefore be even considered as novel materials with different properties compared to pristine NMs during production. 6, 23 Typically, corona profiles differ significantly from the protein composition of the (biological) fluid investigated. 4, 6, 16, [25] [26] [27] Distinct proteins will be either enriched or will display only a weak affinity for the nanoparticle surface. Furthermore, not only have the particle material, size and the surface properties been shown to play a role in determining the composition of the protein corona but so have the exposure time and the relative ratio of the physiological fluid to the nanoparticle dispersion (Table 1) . [4] [5] [6] 16, [25] [26] [27] [28] [29] Although some studies are emerging on the regulation of different types of coronas, such as lipids or natural organic matter (NOM), the physico-chemical factors regulating these types of non-protein coronas are currently even less understood. 4, 7, 52 Though, some studies still tend to suggest having identified 'the major factor' controlling protein/biomolecule corona formation; however, as convincingly shown by recent comprehensive studies, none of the above-mentioned factors, such as the NPs' physico-chemical properties or exposure time, alone is able to be used to determine the formation and composition of the protein/ biomolecule corona. 6, 16 In the study by Tenzer and colleagues, 6 bioinformatic unsupervised hierarchical cluster analysis revealed that protein corona profiles could be correctly grouped according to exposure time, as well as to the NPs' physico-chemical properties (Fig. 4) . A recent study also showed that protein signatures alone without the kinetic information do not seem to allow prediction of the hematocompatibility of NPs. 28 However, the relation between the pristine NPs' characteristics and the nature of the corona is far from trivial, and currently still remains impossible to predict in complex physiological environments. 4, 6, 16, [25] [26] [27] [28] Despite the complexity and analytical challenges of the biomolecule corona during its ex situ characterization, researchers face additional challenges during its in situ analysis in both physiological and environmental systems. As outlined above, organisms and ecosystems are composed of various additional 'complex microenvironments', which may differ dramatically in their physico-chemical composition, such as pH, ion strength and/or temperature. Moreover, when NPs move from one biological environment to another, e.g. from the lung surfactant through epithelial/endothelial cells to the blood system and subsequent organs, such as the liver or spleen (Fig. 2) , a key question is whether the original corona remains stable or is subjected to substantial changes. 4, 30 The current model assumes that after passing through several 'biological environments', the final corona still contains a fingerprint of its history and keeps a memory of its prior journey through the body. 4, 34 Indeed, recent quantitative kinetic data demonstrate that, for example, the plasma protein corona is surprisingly stable and matures only quantitatively rather than qualitatively ex situ. 6 Hence, although previous studies suggested a dynamic corona evolution, one might hypothesize that the corona may not be subjected to significant changes, even when passing through several 'biological environments' ex situ, unless processing is performed by enzymatic cellular machineries. 4, 34, 53 In particular for metal and metal oxide NPs, dissolution processes have been recognized as being essential for the NPs' fate, biodistribution and also toxicity. 16, [54] [55] [56] [57] [58] Close inspection of the literature indeed reveals that the detailed fate of the original corona in situ, as it travels through different organs and ecosystems, thereby interacting with various environments, changes in physical parameters, and that the enzymatic machineries of this remain to be resolved. Go with the flow -dynamics of corona formation, evolution and complexity under physiological conditions
Protein/biomolecule adsorption to any surface, including to nanomaterials, is a dynamic process, with protein/biomolecules continually adsorbing and desorbing. 13, 33, 36, 59, 60 The time-dependence of these processes, i.e. the rates of association and dissociation of a protein/biomolecule, are described by the parameters k on and k off , respectively. The balance between k on and k off determines the affinity of a protein/biomolecule to the (nano)material, and is defined by the dissociation constant (K d ). 13, 33, 36, 59, 60 The value of k on depends on the contact frequency between the protein/ biomolecule and the (nano)material, along with the probability that such a contact results in an adsorption event. 13, 33, 36, 59, 60 Protein/biomolecules that are present at high concentrations and that diffuse rapidly mostly show high k on values. In contrast to nanoscale objects, the formation and evolution of protein layers on flat surfaces was first analysed by Vroman.
13
The so-called 'Vroman-effect' postulates that the identities of the adsorbed proteins can change over time even though the total amount of adsorbed protein remains roughly constant. The Vroman-effect describes a time-dependent composition of the biocoating, in which highly abundant proteins adsorbing only weakly dominate the early state. Subsequently, these adsorbed proteins are replaced by less abundant proteins, which, however, bind with a higher affinity, resulting in a complex series of adsorption and displacement steps. 13, 33, 36, 59, 60 However, one has to keep in mind that the Vroman-effect has been demonstrated only for a mixture of a few proteins and is unable to predict binding kinetics to NPs in complex protein mixtures. 13, 59 Nevertheless, several models have directly used the Vroman-effect to explain the evolution of the protein corona around NPs, even in complex environments such as FCS or human serum, resulting in the concept of a 'dynamic protein corona evolution'. 4, 27, 32, 34 However, in complex physiological liquids, such as blood, containing more than two thousand different proteins, or in ecosystems, a high-resolution time-resolved knowledge of NP-specific protein/ biomolecules adsorption is required, as various protein/ biomolecules are expected to display increased or reduced binding over time. Indeed, snapshot kinetic proteomic profiling recently demonstrated for silica and polystyrene NPs of various sizes and surface functionalization, the existence of complex protein adsorption kinetics. 6 As predicted from the Vroman-effect, protein groups displaying increased or reduced binding over time were observed also in the complexity of human plasma (Fig. 5 ). 6 Interestingly, the novel protein binding kinetics discovered cannot be solely explained by the Vroman-effect. 6 Classification of the protein-binding modalities identified proteins characterized by low abundance at the beginning of plasma exposure and at later time points, but that displayed 'peak' abundance at intermediate time points (Fig. 5, peak) , while other proteins showed exactly the opposite behaviour. These proteins are characterized by a 'cup-shaped' binding kinetics, i.e. being highly abundant at early and late exposure time points, but not at intermediate exposure time points (Fig. 5, cup) . A potential reason why such complex binding kinetics have not been noticed so far is the fact that most kinetic studies to date have not employed sensitive quantitative LC-MS-based proteomics. Thus, a protein that was no 'longer detectable' at a certain time point, was then classified as 'absent' or 'disappeared' in previous studies, thereby contributing to the model of a highly dynamic protein corona. 4 than one minute. 6 In contrast, previous studies suggested that the protein corona has a rather low complexity, consisting of only a few tens of proteins, even when NPs are introduced into highly complex environments, such as the human blood, and evolved rather slowly. 4, 27, 32, 41 Moreover, the study by Tenzer and colleagues also showed that the corona composition changed almost exclusively quantitatively but not qualitatively over time. 6 Previous models, however, proposed a highly dynamic protein corona, changing its composition over time due to continuous protein association and dissociation events, predominantly controlled by the Vroman-effect. 4, 27, 32 Taking these recent insights and comprehensive data into account, 6, 16, 47 we here would like to suggest a new model of protein corona formation and evolution (Fig. 6 ), and which is significantly different from the old model proposed so far. 4, 27, 32, 34 As illustrated in Fig. 6 , this mainly relies on the speed of corona formation, its complexity, and the predominant quantitative instead of qualitative maturation with complex binding kinetics, which cannot be explained by the Vroman-effect alone. Hence, it is suffice to assume that pristine NPs in general exist only for a short period of time in complex physiological or ecological environments. As also depicted in Fig. 6 , the number of different corona proteins exceeds in most cases the number of proteins that theoretically could be accommodated on a single NP surface. 6 These results give the first indication that the corona exists most likely not as a simple monolayer in situ but possibly composed of multiple core-shell structures or higher order 'Christmas tree-like' structures, also involving protein-protein interactions. Additionally, it was suggested that negatively charged NPs attract primarily positively charged proteins and vice versa. Classifying corona proteins according to their predicted isoelectric point (pI) showed that proteins displaying a negative charge (pI o 7) at physiological pH 7.3 were preferentially bound by all the investigated silica and polystyrene NPs, irrespective of the particles' negative or positive surface functionalization. 6, 47 Indeed, zeta-potential measurements confirmed that the plasmacorona-covered NPs were overall negatively charged. 6 We are not aware of any reports convincingly demonstrating the existence of positively charged plasma-corona-covered NPs so far. Hence, the hypothesis that positively charged NPs preferentially interact with the negatively charged cell membrane, resulting in improved cellular uptake, seems too simplified and may only be relevant for pristine NPs in environments with a low concentration of proteins/biomolecules (Fig. 7) . 63 However, whether and what type of supramolecular interactions with charged microdomains on corona proteins, NPs and/or cellular structures occur and if these are biologically relevant remains to be resolved. Consequently, it is interesting to correlate NP uptake not only to properties of the bare NPs, but also to properties of the NP-protein corona complex, as the interaction with cell membranes and the mechanism of cellular uptake is expected to be (partially) controlled by the adsorbed proteins. 6, 41, [64] [65] [66] Blood is thicker than water -the impact of corona formation on blood system physiology As the perturbation of physiological systems by nanoparticles has recently been reviewed, 27, 67, 68 we here focus on novel insights into the role of the protein corona for the blood system. When designed for nanomedical applications, such as drug delivery or imaging, nanoparticle administration often requires intravenous injections. 2, 69 Hence, detailed knowledge about the physical and chemical aspects associated with the behaviour of NPs in the complex protein-rich environment of the blood system is thus key for (re)shaping the future of nanobiomedicine. As the complete plasma proteome reference set contains more than two thousand different proteins, 70 such knowledge is particularly relevant for plasma proteins. 4, 6, 26, 28, 71 Indeed, the plasma protein corona has recently been shown to be indeed highly complex as well. 6 Proteins involved in physiological as well as toxicological relevant processes in the blood system, such as to complement activation and coagulation, have been identified in the coronas of various NPs. 4, 6, 26, 28, 44, 71, 72 The identified proteins span about three to four orders of magnitude dynamic range, most likely covering most biologically relevant corona proteins. 6 Notably, the respective abundance of all of these proteins was affected by (B) The late phase: corona composition ex situ remains stable and changes predominantly quantitatively rather than qualitatively over time with Vromaneffect dependent and independent binding kinetics ('new'). A highly dynamic protein corona, changes significantly over time, controlled by the 'Vromaneffect' ('old'). Note that the objects are not drawn to scale.
the plasma exposure time and the characteristics of the NPs, such as size and surface functionalization. As NP uptake is also an important determinant for nanopathology and targeted delivery, 4, 65, 73 several reports have
shown that the protein corona has a major impact on the NPs' cellular uptake. In particular, the recent study by Walkey and colleagues indicates that distinct protein corona signatures are indeed able to predict the cellular uptake of gold and silver NPs. 16 Hence, covering NPs with a 'physiological coating' can indeed promote or inhibit their interaction with the cellular uptake machinery, whereas the surface charge of the bare NPs appears to be less important. 6, 63, 65, 66 Consequently, one may use this information to rationally engineer the uptake-properties of NPs by modulating the corona fingerprints. Different apolipoproteins have been described to promote transport across the blood-brain-barrier 74 and different immunoglobulins and complement factors, known as opsonins, enable uptake into monocytes 69 while dysopsonins like albumin and again apolipoproteins 14 inhibit uptake. However, these findings are mostly based on the prior knowledge of selected proteins based on their biological function in isolation. As also the functionalization of NPs with proteins seems not to (completely) prevent corona formation, the complexity of the protein corona with more than a hundred different proteins, makes it difficult to predict the impact of individual proteins in vivo. 4, 6, 16, 75 Hence, the engineering of modified coronas by depletion or enrichment of the protein groups is required as the next step to identify corona components causally involved in (cell type specific) NP uptake. Cleary, obtaining comprehensive quantitative and qualitative protein corona signatures, and ideally the implementation of an international standardized corona profile database resource, will finally allow the bioinformatic analysis and exploitation of signatures to guide a subsequent rational in vitro/in vivo investigation of the potential impact of corona proteins in physiological systems. 4, 6, 16, 26 Although several studies have reported the impacts of corona formation on NP exposure of the blood system, most of these effects were described as occurring at rather late exposure time points. 44, 76, 77 By employing primary human cell models of the blood system, it was recently demonstrated that the early corona formation indeed affected processes at the nano-bio interface. 6 The study showed that although the studied pristine NPs existed only for a short period in the blood system, they were still able to affect the vitality of endothelial cells, trigger thrombocyte activation and induce hemolysis. 6 Hence, it was concluded that the formation of the biomolecule corona rapidly modulated the NPs' decoration with bioactive proteins, thereby protecting the cellular components of the blood system against nanoparticle-induced (patho)biological processes, as well as also influencing cellular uptake of the NPs (Fig. 8 ). 6 However, whether this general statement is indeed valid for all existing and future NP formulations, as well as for every biomedical relevant environment in humans or in the ecosystem, remains to be experimentally confirmed. The protein and also other biomolecule coronas are currently still unpredictable complex factors, potentially triggering not only nanomedical desired reactions but also undesired toxicological biological responses. 4, 6, 16, 28 Hence, there are currently numerous attempts to chemically completely prevent protein adsorption, which have also been reviewed previously. 4, 27, 35, [78] [79] [80] [81] NPs functionalized with certain polymer chains, such as by the addition of various polyethylene glycol-based chains ('PEGylation') onto the NP surface, are often referred to as highly 'biocompatible', as unspecific interactions with biological components are minimized. 35, 78, 79 NPs functionalized with PEG confers colloidal stability, even under physiological salinity conditions caused by interparticular repulsion. 35, 78, 79 However, even complex 'PEGylation' is unable to completely prevent protein/biomolecule corona formation, albeit the extent of protein adsorption is clearly reduced. 4, 27, 35, [78] [79] [80] [81] As protein adsorption is reduced, it is assumed that numerous cellular responses are affected, including opsonization by cells of the RES. 4, 27, 82 Thus, the circulation time in the blood system, as well as the biodistribution of NPs, may be modulated via PEGylation, although the detailed mechanisms are not yet resolved. 44, 76, 77 Again, standardized corona profiling combined with data mining and subsequent experimental verification is required to answer these questions. Also, extensive surface functionalization with biomolecules, such as antibodies tailored to achieve the specific targeting of cell types and/or organs, or 'cellular uptake proteins' does not completely prevent corona formation, albeit such modifications clearly affect corona profiles. In some cases, protein corona formation was even considered a major factor in significantly reducing cell-targeting efficacy in vitro, as well as in vivo.
74,83-85
Collectively, although sophisticated surface modifications reduce the adsorption of biomolecules on NMs, an association with biomolecules does still occur. Indeed, we are currently unaware of any nanomaterial functionalization that can completely prevent the formation of a biomolecule corona in complex environments. The design and synthesis of such nanodevices represents one of the key challenges required not only to finally understand the regulation and impact of the biomolecule corona but also to allow novel nanomaterial applications.
The call of nature -the biological and ecological impact of the NP-biomolecule corona Physiological environments, such as plasma, intestinal fluid or the lung surfactant, are already complex enough; nevertheless, the natural aquatic or terrestrial environment with all their biotic and abiotic matter form far more compound mixtures. Clearly, besides the known formation of protein-lipid coronas, it is certain that heterogeneous, mixed coronas will form when NPs are released into ecosystems.
9-12
NPs' released into the environment Recent increases in using NPs in medical applications, cosmetics, textiles, paints, coatings and food packaging, etc. results in their presence in the natural environment. In general the predicted aqueous concentrations of NPs range from fractions of ng L À1 to tenths of mg L
À1
, depending on the type of particles and the extent of their usage. 86, 87 Recently, fullerenes and TiO 2 of urban origin were detected in the mg L À1 range in natural water. 88 The importance of examining the influence of NPs on the environment has been recently recognized and many environmental agencies now have NM-dedicated projects (e.g. EPA, OECD, etc.).
The environmental risk assessment of chemicals is based on an evaluation of the indigenous dangers posed by a chemical (e.g. hazard identification, dose-response assessment) and an assessment of the likelihood of these adverse effects occurring (exposure assessment). In the case of NPs, both 'hazard' and 'exposure' are quite difficult to define. For NPs, the toxic effect is not only a function of 'the material' but also size, surface area, redox activity, doping, surface modifiers and stability/ aggregation. It has been generally observed that the smaller the NPs are, the higher is their aquatic toxicity, mostly because smaller particles are more stable (and therefore more available to free swimming organisms). 89, 90 In the case of redox-active
NPs (e.g. Ag, Zn or Cu), smaller particles with a higher surface area release more of the free ions that are largely responsible for their toxicity. In the case of photoactive NM (e.g. TiO 2 or quantum dots), the toxicity is significantly enhanced in the presence of light. 87, 91 Therefore, clearly defining the material and testing conditions is crucial in allowing for any kind of comparison or standardization. Also, defining exposure is not an easy task since, like in the case of biological media, the NPs can be stabilized or destabilized and their affinity to biological surfaces can change depending on the conditions in the surrounding medium, such as the pH, ionic strength or presence of colloids. Natural colloids play a particularly important role in forming the corona and determining the fate of NPs. Apart from an inorganic fraction (e.g. ions, natural minerals), they encompass a much more complex organic fraction, collectively termed as the natural organic matter (NOM). 92 The NOM content in aqueous envir-
in lake water to 50 mg L À1 in bogs. 93, 94 In aqueous environments, NOM can be very diverse and is often divided into allochthonous and autochthonous. Allochthonous organic matter -mostly humic (HA) or fulvic acids (FA) of terrestrial origin formed in the process of plant residue decompositionis characterized by a higher molecular mass, higher flexibility and higher degree of hydrophobicity and aromaticity (all of these parameters are usually more pronounced for humic acids than fulvic acids). Autochthonous organic matter is composed of substances produced by organisms inhabiting a biotope (polysaccharides, proteins, lipids, nucleic acids, etc.) and is Fig. 8 Illustration of how rapid corona formation kinetically impacts early nanopathology in the human blood system. Upon entry or parenteral application, pristine NPs only exist for a short period of time, but are still capable of immediately affecting the vitality of endothelial cells, triggering thrombocyte activation and aggregation, and may also induce hemolysis. Formation of the biomolecule corona rapidly modulates the NPs' decoration with bioactive proteins protecting the cells of the blood system against nanoparticle-induced (patho)biological processes, and can also promote cellular uptake. Note, the elements are not drawn to scale. View Article Online usually lower in molecular mass and has a less aromatic, more rigid nature. [94] [95] [96] [97] Although data regarding the influence of natural corona on NPs stability are scarce and largely focused on humic or fulvic substances, it is reasonable to expect that the influence of allochthonous and autochthonous organic matter on NPs will be quite different. The formation of the corona depends on the characteristics of the NPs and the characteristics of the medium, like pH, ionic strength and the properties of molecules participating in corona formation. 98 Influence of pH and ionic strength on corona formation
The pH and presence of other ions influence the stability of NPs, especially metals, metal oxides or engineered NPs with ionisable surface modifiers, by affecting the surface charge properties. At pH values close to the isoelectric point (IEP), the stability of NPs is largely decreased. At pH values lower than the IEP, the NPs will be positively charged, while above it they will carry negative surface charge if other so-called potential determining ions are not present; therefore, the aggregation can be brought about by changes in pH. The most readily pronounced influence of pH on corona formation is also a result of surface charge modification. Since NOM and the surface of prokaryotic or eukaryotic cells are often negatively charged, 106 
their electrostatic interaction with
NPs is favoured when they themselves are positively charged. This implies two things: (i) the pH will influence the corona formation if the NPs' surface or the adsorbing corona molecules possess chargeable sites (e.g. hydroxyl groups on the surface of metal oxides), and (ii) the pH causing charge reversal falls within environmental limits (i.e. the IEP clearly occurs in the pH range 5-9). Indeed the adsorption of bacterial exopolysaccharides on the surface of Ag NPs or humic acid on TiO 2 decreased significantly when the pH exceeded the IEP. 107, 108 On the other hand, it is hardly possible to reverse the surface charge of e.g. silica to favour the electrostatic interaction with HA, and so here, the pH value is less important. The electrostatic attraction is not the only mechanism of corona formation, ligand exchange or hydrophobic interactions are equally important, especially for nonmetallic NPs, e.g. fullerenes adsorbing NOM by hydrophobic interactions. 86, 109 Another factor that influences the corona formation is the ionic strength of the medium. The presence of high amounts of monovalent salt can decrease the amount of organic matter adsorbed on NPs; 110 whereas the presence of Ca 2+ or Mg 2+ ions promotes the adsorption of NOM by cation bridging between the negative NPs' surface and the negative functional groups of NOM. 111, 112 It was shown that in the presence of equally charged ions (e.g. phosphates or carbonates), the adsorption of NOM is lower, due to competition for the charged sides on the surface of the NPs. 112 Conversely, the adsorption of NOM on carbon nanotubes, which occurs mostly through hydrophobic interactions and that correlates with the aromatic carbon content, increases with the increasing amount of 1 : 1 electrolyte. The reason behind this is the tighter coiling on NOM in higher ionic strength solutions, which allows a tighter packing of molecules on the surface of the adsorbent. 113 Influence of the environmental corona on the properties of NPs Natural or anthropogenic colloids might participate in the formation of a corona that affects the behaviour of NPs in both ways: stabilizing and destabilizing. Generally, bare NPs usually have a decreased stability with increasing ionic strength (especially when multivalent cations are present) or with pH values approaching the IEP. This is caused by the reduced repulsive forces between NPs, which allows a closer approach between them and thus increases their chances of collision. 87, [114] [115] [116] Stabilization by the corona is attained by electrostatic repulsion, which is achieved by rendering the surface charge negative (since NOM is mostly negatively charged) or by providing a steric barrier. 117 Nevertheless, formation of the corona can also destabilize NPs by cross-linking NOM molecules (especially the rigid autochthonous ones), which is particularly pronounced in the presence of multivalent cations. 117, 119 Nevertheless, the comparison of the TiO 2 stable fraction in natural waters (lake water, tap water, seawater, and groundwater) with EPA artificial DOC-free test waters of different hardnesses showed no significant differences in stability. This is because all of these waters are similar regarding the parameters influencing TiO 2 stability (i.e. organic matter content up to 2 mg L
À1
, pH between 6.5 and 8.5, moderate ionic strength). Therefore, at least in the case of TiO 2 , it seems that unless the natural environment of interest is characterized by extreme values of those parameters, the natural and synthetic waters will give comparable results. 120 Another way of achieving stabilization by NOM is observed in the case of redox-active NPs e.g. Fe 0 , which usually undergo corrosion in natural waters, so that the Fe 0 is transformed to higher oxidation state species. The corona can screen them from oxidation, thereby retaining their redox activity, which is often responsible for their toxic action. 121 There are, however, examples where NOM can increase oxidation, which would potentially decrease at least the oxidative-stress-based toxicity. 122 Even though polyaspartate-modified Fe 0 particles retained their redox activity to a high extent during aging, their toxicity actually decreased compared to fresh bare NPs. Interestingly enough, the decreased toxicity was more pronounced in cells that internalize NPs by phagocytosis -supposedly because surface modification prevents the aggregation of particles to reach a size optimal for phagocytosis (1-3 mm). For cells not capable of phagocytosis, the toxicity was solely dependent on the Fe 0 content, which was slightly higher for fresh bare NZVI particles but lower for e.g. aged bare-NPs. 121 This suggests that the mitigation of toxicity by NOM is mostly caused by a decreased contact with living cells.
Influence on toxicity
There are many examples where the presence of an organic matter corona mitigates the toxicity. The lower toxicity of Fe 0 , CuO or Ag NPs towards bacteria, crustaceans and fish has been observed in the presence of organic matter. 102, 123, 124 126 In some cases, the test medium does not need to contain NOM for the corona-driven destabilization of NPs to take place, as some bacteria and algae have been shown to produce exopolysaccharides as a protection mechanism against NPs. Those compounds -representatives of autochthonous organic matterare known to induce flocculation due to their rigid structure. 108 The lack of a corona or destabilization by a corona causing NPs aggregation decreases the bioavailability for free swimming organisms, but makes them more available to sediment dwelling organisms. It was shown that juvenile, demersal zebrafish accumulated three times as much TiO 2 when no NOM was present, since bare NPs sediment more readily and were accordingly present near the bottom. Nevertheless, the mortality rate was higher in the presence of NOM due to NOM enhancing the ROS formation and oxidative DNA damage. 127 There are also examples where the presence of a corona increases the toxicity for free swimming organisms. The toxicity of CuO NPs covered by FA towards the green algae Microcystis aeruginosa was higher (EC 50 value three times lower). In the presence of FA, the release of Cu 2+ from CuO NPs and the amount of copper bound to the cell (both CuO NPs and Cu 2+ ions) was six times higher than in the case of bare particles, which contributed to the higher toxicity. Additionally, the presence of FA promoted the internalization of NPs by endocytosis, leading to DNA damage and the formation of ROS.
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Implications To achieve the standardization of ecotoxicity testing procedures for NPs, the tested material (size distribution, surface area, oxidative state, release of ions), its stability and testing conditions (including pH, ionic strength of medium, presence of colloids, presence of activators e.g. light, redox active species) must be scrutinized. It seems that including evaluation of the NOM corona in the assessment of the risk of NPs could deliver environmentally relevant insights. Nevertheless, some kind of standard procedure, specifying what kind of model NOM and in what quantity it should be used, needs to be developed for that purpose. Despite the fact that this complexity has so far prevented progress being made in investigating the corona in the environment, it is now accepted that understanding also the impact of the corona in environmental systems is needed, but this requires new tools for its analytical dissection and the identification of corona-structure-function relationships. Hence, also in the field of environmental research, the biomolecule corona can no longer be ignored as an 'unknown factor', but may now represent a yet unexplored opportunity to understand and predict the impact of NMs in the environment. Generating such knowledge may also lead to more sustainable and greener nanotechnology. 85, 128, 129 Must haves -requirements for a comprehensive analysis and functional understanding of the protein corona
Given the now (almost) accepted relevance and potentially predictive power of the NP corona, it is sufficient to propose a hypothetical research programme, called 'systems biology of the NP corona', or in short: CoronaSystems. In order to comprehensively analyse corona profiles and to mechanistically understand the coronas' biological/ecological impact, a tiered multidisciplinary approach is clearly required. In order to stimulate the realization of such a hypothetical research programme, we will subsequently present some of the work packages we feel are essential to successfully execute CoronaSystems and thus, to improve our current knowledge of mechanisms at the nano-bio interface.
Although it is impossible to discuss in detail all the potential experimental systems applicable to address corona-related questions, we will describe and discuss the state-of-the-art requirements, as well as the challenges and caveats of such key work packages. As the majority of previous studies were performed on the protein corona, we will focus on this aspect of corona research, but will also mention the challenges of environmental coronas, such as those formed by natural organic matter (NOM). Still, we feel that the principles and comments mentioned are also transferable to other types of coronas, such as those formed by lipids or metabolites, although the methodologies will certainty need to be adapted to obtain optimal results.
Analytical challenges and strategies for a comprehensive analysis of protein or NOM corona profiles
Upon contact with a biological environment, NPs interact strongly with proteins and other biomolecules, which dramatically changes their physico-chemical and biological identities. To date, numerous studies have been conducted to identify biomolecules associating with NPs and to attempt to correlate their binding with the NPs' physico-chemical and biological properties. 4, 6, 16, 18, [25] [26] [27] [28] 47, 130 Albeit some common principles have emerged from these studies, the heterogeneity in their analytical approaches have so far resulted not only in a still incoherent picture of how the composition and evolution of the protein corona is affected by various factors but has sometimes even led to conflicting conclusions. Therefore, it is essential to apply and develop analytical methods with standardized protocols to investigate and characterize NP-biomolecule interactions, allowing researchers to understand the mechanistic basis for the possible biological activity of these complexes and to achieve a safety assessment of the NMs used for biological applications. As several such methods have been reviewed and described in detail before, we merely summarize such approaches in Table 2 and refer the reader to the respective reviews or original publications in which the different analytical procedures were described. In more detail, we discuss recent developments, which particularly allow one to achieve a comprehensive, kinetic snapshot analysis of the evolution of the protein corona. Until today, there has been no single gold standard for analysing the interaction of proteins/biomolecules with NPs, but the combination of different characterization methods is highly recommended as a strategy to compensate the drawbacks and limitations of individual methods. In general, the methods and techniques used to study the formation, evolution, composition and structure of the corona can be roughly divided into ex situ or in situ methods. Ex situ approaches seek the isolation of biomolecule-NP-complexes from the biological/ecological environment, followed by their subsequent analysis; whereas in situ methods try to measure the influence of the biomolecule corona on the NPs while the material is still dispersed in the physiological/environmental surrounding.
Ex situ approaches. Typically, isolation of the biomolecule-NP complexes is widely performed by using (differential) sedimentation centrifugation (DSC) or size exclusion chromatography (SEC). 4, 14, 16, 26, 27, 62 Differential sedimentation/centrifugation permits the analytical separation of the different biomolecule-NP complexes for various NPs and allows the measurement of the size distribution of the biomolecule-NP complexes in a semiquantitative way in the presence of the complex biomolecule mixture. Particles differing in size can be resolved as single peaks, allowing a distinction to be made between biomolecule-NP monomers, dimers, and trimers, etc. (x-mers), which could mostly not be discriminated with other techniques. On the downside, this technique does not allow the recovering of the x-mers for further studies. 18, 41 Preparative and analytical ultracentrifugation is widely used in biology to isolate cell components and explore protein thermodynamics. 131 Density gradient ultracentrifugation has been used to purify NPs from the excess of coating agents 132 and to obtain narrow size distributions. 133, 134 Other preparative methods that have been applied to separate and study biomolecule-NP complexes are 'gentle' magnetic separation techniques for magnetic NPs 51, 135 or field-flow-field fractionation, 136, 137 which allow the full recovery of biomolecule-NP complexes for subsequent analysis. Notably, most physiological and environmental systems are highly dynamic. 4, 6 Hence, beside the full recovery of all the biomolecule-NP complexes, the development of methods allowing a snapshot time-resolved knowledge of nanoparticlespecific fingerprints and their evolution is required to fully understand their interaction with biological environments. Albeit biomolecule coronas can in principle be obtained by standard centrifugation methods, these involve mostly relatively long centrifugation steps. 4 Therefore, while the 'intended exposure time' of NPs to physiological or environmental fluids have been reported to be relatively short, the centrifugation times required to pellet the nanoparticle-biomolecule complexes represent an additional 'unintended exposure time', during which the NPs are still in contact with the physiological/environmental fluids, potentially resulting in the further binding and/or dissociation of corona proteins. 4, 16, 33 Thus, most previous studies did not precisely control the (short) exposure times of NPs to the physiological/environmental fluid of interest. These limitations have so far precluded a rapid and highresolution kinetic analysis of corona profiles, thus necessitating the development of standardized protocols to quantitatively and qualitatively analyse the biomolecule corona of NPs. 6, 14, 60 To minimize the contact time of NPs with the biological fluids of interest, a sucrose cushion-based centrifugation method was recently introduced and applied to resolve plasma corona formation (Fig. 9 ). The cushion-based centrifugation features two key advancements: first, by limiting the contact time of NPs with the biological fluid of interest, it renders the analysis of short time periods feasible. and secondly, it reduces the unintended exposure time. The isolation of biomolecule-NP complexes from excess biological/environmental fluids allows identifying and quantifying individual proteins within the corona by subsequent analytical procedures (Fig. 9) .
6,62
Following protein detachment, 1D and/or 2D polyacrylamide gel electrophoresis followed by in-gel tryptic digestion and mass spectrometry have been mostly used for the identification and relative quantification of corona proteins. 4, 60 Albeit these methods are relatively easy procedures to directly visualize and to qualitatively compare corona protein patterns, they suffer from low throughput, reveal only a partial view of the protein corona profiles and do not allow a global quantification of the corona constituents. To overcome these limitations, label-free liquid chromatography mass spectrometry (LC-MS) has recently been introduced as the 'gold standard' for the qualitative and quantitative profiling of the protein corona. 6, 16, 62 Compared to other techniques, requiring time-consuming and the expensive introduction of a label into proteins and peptides, these steps can be omitted. Although some approaches using stable isotope labelling allow multiplexing, typically only up to eight experiments can be directly compared, 138 which does not seems ideal for the detailed time-resolved analyses of multiple corona profiles. In contrast, label-free techniques have been shown to achieve a reliable and highly reproducible comprehensive quantification of plasma protein corona components. 4, 6 Fig. 9 illustrates a proteomic workflow for the quantitative and qualitative characterization of protein corona profiles. The basic steps shown are suitable for various biotic and environmental protein-containing fluids, such as ichor, CSF-fluid, cell/organ lysates and NOM, as well as for exposure with different nanoparticle formulations.
The isolation of the biomolecule-NP complexes in ex situ approaches often requires sequential cycles of enrichment/ washing steps to recover the NP-corona complexes. 4, 16, 26, 27, 62 Albeit these approaches are suitable and give reliable results, one might keep in mind that multiple purification steps may in principle affect the 'true corona', which is formed in situ. 6, 31, 32 Also, the separation of NPs with small diameters (less than 20 nm) and low densities (close to 1 g cm À3 ) is not trivial and high speed and long centrifugation times are often necessary, which also may affect the in situ corona composition and the in situ colloidal status of the NP-corona complexes. Hence, if applicable, methodologies that minimize the number of steps for the ex situ isolation/recovery of the biomolecule-NPs complexes should be used. Another 'complication', which most likely occurs, is that biomolecule-NP complexes may be heterogeneous but are presented as a mixture of monomers, dimers, trimers, etc. (x-mers), for which the actual corona composition is unknown. Hence, a statistical fluctuation in corona composition could not only arise from particle to particle, but also between heterogeneous NP-corona complexes within the same sample. 4, 18 These different structures of co-existing complexes will have different sizes, may carry different proteins and the biological impact of these complexes might be different. Despite these complications, which are likely to exist, the biological/ecological relevance of such complexes is presently unknown. As several studies have shown that protein coronas in general are quite complex, potentially consisting of more than 200 different proteins, one might first try to dissect and understand the biological relevance of such 'heterogeneous biomolecule-NP complexes'. Then, in a second step one should try to investigate whether and what type of relevance different nanoparticle protein complexes indeed have for the in vivo situation. Hence, albeit the study of NP-corona monomers, dimers and x-mers is certainly of academic interest, its implication for actual exposure scenarios remains to be clarified. Clearly, accidental or deliberate exposure of physiological or ecological environments to NMs will always result in an exposure to a heterogeneous population of biomolecule-NP complexes.
In situ techniques. As described above, in situ techniques analyse the biomolecule corona while the NPs are dispersed in a physiological/environmental surrounding. These methods are mainly used for the physico-chemical characterization of NPs' properties in their respective biological/environmental fluid. Electron microscopy, e.g. scanning electron microscopy (SEM) and transmission electron microscopy (TEM), are applied to Further bioinformatic analysis and exploitation of the data facilitates a rational in vitro/in vivo analysis of the potential impact of corona proteins in physiological systems. In principle, similar approaches are applicable to analyse other types of biomolecule coronas, i.e. containing lipids or small metabolites, by using adequate LC-MS-based methods combined with bioinformatic exploitation strategies. 7 provide an overview of the size and morphology of the NPs. As sample drying is required for the analysis in the necessary vacuum, during the procedure, severe artefacts can be produced. To obtain a significant statistical size distribution, a large number of particles have to be imaged and counted. A major limitation using this method is that with high ion and biomolecule concentrations in biological/environmental fluids, significant background levels will be generated from which non-metal colloids may be hard to resolve. 18 The binding of biomolecules to the NP surface can be measured using dynamic light scattering (DLS). When proteins bind to the surface of NPs, the size of the NP increases, thus changing its Brownian motion, which can be detected by DLS. 18 DLS involves the time-dependent measurement of the intensity of visible light scattered coherently by colloidal particles. Because the scattered intensity scales with the particle radius to the sixth power (R H   6 ), agglomerates, which may result from NP destabilization in biological environments, may dominate the scattered intensity. Moreover, all the particles present in a biological sample, e.g. proteins, and other bio-matter, contribute to the scattered light and obscure the information about the colloidal NPs. The characterization of heterogeneous biological samples using DLS is not trivial, as multi-angle detection in combination with experimental knowledge is needed to interpret the data. 139 Together with the hydration of the NPs in solution, the hydrodynamic radii are larger than the sizes obtained by TEM. 140 Fluorescence correlation spectroscopy (FCS) involves the measurement of brief bursts of light emitted by single fluorophores as they diffuse through a small volume (typically 1 femtolitre) defined by a tightly focused laser beam. 36, [141] [142] [143] [144] Autocorrelation analysis of the fluorescence emission time traces yields a characteristic time scale of diffusion, t D , from which the hydrodynamic radius (R H ), can be calculated with sub-nanometre precision by using the Stokes-Einstein equation. FCS is a powerful technique for obtaining time-resolved quantitative data on NP-protein interactions, mainly for the analysis of single or two to three different proteins. 36, [141] [142] [143] [144] FCS is only feasible with autofluorescent or fluorescently-labelled NPs, and until now has only been used to investigate the interaction of one single protein with NPs and not with a mixture of proteins. As the method is very sensitive to the presence of aggregates, it can only be applied to samples with good colloidal stability. NPs are usually stabilized by electrostatic repulsion, steric hindrance or depletion forces. 20 Charged functional groups or surfactant molecules on the NP surface produce a coulombic potential and, thus, give rise to electrostatic repulsion between individual particles carrying charges of the same polarity. The zeta potential gives information on the surface charge of the NPs and can be used to detect protein binding to the NP surface, as this will change the overall surface charge. By binding biomolecules to the NP surface, the zeta potential will change, which may also lead to changes in the NPs' colloidal stability. 6, 145 Another method to study the strength of protein interactions is isothermal titration calorimetry (ITC). ITC provides additional information about the thermodynamics of the protein adsorption in a quantitative and qualitative manner (e.g. binding affinity constant, enthalpy changes, binding stoichiometry between NPs and proteins). 146, 147 The interpretation of ITC data should be treated with caution, since in complex protein mixtures many concurrent thermodynamic processes, like ligand exchange or protein structure changes, are constantly happening. Similar to ITC, the strength of protein interactions with NPs can also be investigated by surface plasmon resonance (SPR). 14,148 SPR provides information about the adsorption kinetics of the proteins to the NP' surface. The SPR technology is based on the change of oscillation of surface plasmon waves caused by the adsorption of molecules onto a metal (nanoparticle) surface (typically gold and silver). It is the fundamental principle behind many colour-based biosensor applications and different lab-on-a-chip sensors. 149, 150 A powerful tool to investigate the conformation or the conformational changes of an adsorbed protein is circular dichroism (CD). 61, [151] [152] [153] [154] [155] The secondary structures of proteins have their own characteristic CD spectra in the UV region. The disadvantage of CD is that it cannot be applied to complex protein mixtures and, like all spectroscopic methods, the CD signal only reflects an average of the total molecular population. However, single protein conformational changes due to NP binding can be detected using CD. A method to quantify the extent and nature of nanoparticle surfaces is to use nuclear magnetic resonance (NMR). NMR can provide high-resolution information on protein structural changes in biomolecule-NP complexes in aqueous solution, i.e. in an environment very close to that found in physiological conditions. Also, NMR is particularly well suited to detecting detailed information in the case of weak protein-target interactions. [156] [157] [158] Two other (vibrational) spectroscopic methods to detect protein binding on a NP surface by investigating the vibration modes are Fourier transform infrared (FTIR) and Raman spectroscopy. 20, [159] [160] [161] [162] Compared to FTIR, Raman spectroscopy can measure the biomolecule-NP complexes in aqueous solution; furthermore, the Raman spectra of electronrich groups or double or triple bonds are easier to interpret, because they produce more intense Raman bands. UV/vis spectroscopy can be used to analyse biomolecule binding, although quantitative and conclusive results are difficult to achieve, as binding to the NPs induces changes in the absorption spectra of the NP. 32, 163, 164 UV/vis spectroscopy needs to be performed in association with other complementary spectroscopic and structural investigations, as NP dimer or trimer conjugates have different size distributions to bare NPs and different absorption spectra, respectively. Collectively, the current 'corona analysis toolbox' contains many powerful techniques, allowing a comprehensive characterization of pristine and corona-covered NPs, as well as allowing delivery qualitative and quantitative biomolecule corona profiles. Clearly, to compensate for the drawbacks and limitations of individual methods, the combination of different characterization methods is highly recommended but should be adapted according to the scientific question investigated. Although one may consider the fact that many methods measure an ensemble average of all the adsorbed proteins, and thus cannot map the position or determine the structure of individual proteins within the corona in situ or in vivo, there are many still unresolved corona formation mechanisms that can be addressed by systematically applying the 'toolbox'. Such integrative efforts are clearly necessary since, despite the fact that the relationship between nanomaterial design, corona formation and the responses at the nano-bio interface has been studied intensely for more than two decades, only some general principles have emerged so far.
Analytical challenges of the determination of an environmental (biomolecule) corona. Moving from biological fluids to the natural environment gives the term 'complex matrix' completely new significance. Notably, Mopper et al. estimated that the chemical complexity of organic matter from e.g. marine water is orders of magnitude greater than that of a single organism. 165 The complexity results not only from there being a large number of molecules with a broad span of molecular weights but also with diverse structures in terms of functional groups, number of charges and more. 165 The concentration of NOM components can reach a low micromolar range, but is typically less than picomolar. 165 Also, much larger variations in ionic strength, pH and redox potential are possible. It has to be considered that NOM can be subdivided into particulate organic matter (POM) and dissolved organic matter (DOM), while their distinction is only operationally defined. The fraction that passes through a filter of a pore size of usually 0.45 mm is considered to be stable colloidal suspension and is named DOM (Fig. 10) .
As not much is (mechanistically) known about the relevance and impact of the biomolecule corona on the interaction of NPs with environmental systems, its comprehensive analytical characterization is highly important. Albeit several of the methods mentioned above are in principle applicable to also characterize the environmental biomolecule corona, several key steps need to be considered that are normally not found in physiological environments, such as blood. Herein, we give a brief description of the methods, as well as the challenges and analytical caveats, which should be considered when investigating the NP corona in ecosystems.
A broad range of advanced instrumental analytics such as size-exclusion chromatography, 166 multidimensional NMR, 167 GC, 168 capillary electrophoresis 169 or mass spectrometry e.g. 170 have been applied to characterize the NOM. The qualitative and quantitative determination of the NOM components in low concentrations from a highly complex matrix, however, represents an enormous challenge. In this context, the analysis of the NP corona appears even more complex, since most of the stripped molecules presumably occur in much lower concentrations than present in the environmental fluids. Before the analysis of the composition of the environmental corona, the biomolecules have to be stripped from the surface of the NPs by e.g. extraction with solvents or via changes of pH or ionic strength. Such a remobilization of corona molecules represents a major obstacle, since it might not be quantitative or may alter the structure of the substances involved.
ultrahigh-resolution Fourier transform ion cyclotron resonance (FTICR-MS)
The isolation of the biomolecules allows the characterisation of the corona components by subsequent analytical procedures (Fig. 11) . Thereby, the identification and quantification of certain individual components within the corona might be achieved by various analytical techniques. The knowledge about the detailed NP corona composition would surely be desirable, but this can hardly be resolved at a molecular level. Also, for an explanation and understanding of the ecotoxicological effects this might not be necessary. A general understanding of how particle characteristics such as size, surface area, redox activity, doping, surface modifiers, etc. affect the sorption behaviour of biomolecules in dependency of their molecular interaction potentials or environmental conditions (ionic strength, pH, redox potential and temperature) seems to be more important (Fig. 11B) . To achieve this, it is not mandatory to experiment with highly complex mixtures, instead the sorption isotherms of single representatives of different types of biomolecules (e.g. proteins, lipids, polysaccharides) forming an artificial corona could be measured to elucidate each structural or molecular parameter involved in the sorption process. To determine Fig. 10 Size range of Particulate Organic Matter (POM) and Dissolved Organic Matter (DOM). DOM is defined through filtration. The size limit used to differentiate DOM from particulate organic matter is arbitrarily set to around 0.45 mm. the amount of biomolecules bound at the surface as a function of the molecules present in the solution compound, specific instrumental analysis can be applied. ITC can provide additional information about the thermodynamics of the sorption process (Fig. 11B) .
Moreover, the NP properties (including ecotoxicity) of 'naked' and single-compound biomolecule 'coated'-NPs could be compared and used for interpretation of the toxicological data. Even though a detailed qualitative and quantitative characterization of the NP corona appears to be beyond realization, a peak pattern analysis might reveal highly interesting information. The composition of organic matter can differ strongly depending on its origin (terrestrial, fresh or marine water, atmospheric organic carbon). The qualitative analysis of a NP corona peak pattern via e.g. FTICR-MS could give a NP corona 'fingerprint'. If the NP was isolated from the environmental media, this 'eco-fingerprint' might allow tracing back the chemical fate-and-transport of a NP within the environment (corona memory).
The power of the NP-corona in in silico modelling
Driven by recent increases in computational power, mathematical calculation and the in silico modelling of the molecular details about how chemical/protein ligands interact with proteins, have stimulated the field to also characterize and predict protein-nanomaterial interactions. Indeed, powerful tools are available to calculate, simulate and predict protein-chemical/ NM interactions, including quantum mechanical, atom empirical force field and coarse-grained strategies. 20, 27, 52, 171 Albeit such methods allow, in principle, determining the binding orientations and elucidating the specific interactions between amino acids and the nanomaterial surface, these methods are mostly restricted to studying and predicting the interactions of individual proteins with NMs. Nevertheless, in silico simulation is gaining popularity in the field as a complement or even as a replacement of experimental techniques. As such, several studies have used in silico methods to study and predict protein and lipid corona formation as a function of the NMs' physico-chemical properties, such as size, charge and surface structure. 27, 33, 49, 52, [171] [172] [173] [174] [175] [176] For example, plasma protein adsorption to NIPAM/BAM copolymer NPs was modelled using a biexponential function. 60 This research area is highly important for the development of accurate in silico prediction tools and models in the future. However, we feel that the relevance of most of these predictions for the formation and impact of coronas in realistic complex physiological or ecological environments is still limited. For example, we have learned that protein coronas are highly complex, consisting of more than a hundred different proteins, which adsorb rapidly following exposure to human plasma. 6 Clearly, these experimental data demonstrate that the binding patterns observed in plasma cannot be explained by current mathematical protein corona evolution models, as these are derived from simplified experimental systems. 4, 27, [32] [33] [34] 52, [171] [172] [173] [174] [175] [176] As reviewed by Vogler, 59 it is currently impossible to model and predict the regulation of proteins binding to human-sized objects in such complex environments. Fundamentally, the challenge of deciphering these detailed relationships is the complexity inherent in the system. 59 As the simulations' reliability critically depend on the quality of the experimental data used for the model development and validation, it is highly important to generate data to the highest level of accuracy. As mentioned above, a variety of techniques are available in the current (protein) corona 'toolbox'. However, in order to generate high quality data for model building, verification and optimization, standard operating procedures and methods giving reliable qualitative and quantitative data should be applied across laboratories worldwide. Collecting such highquality data in a CoroNano database would allow establishing a valuable data resource for model building, verification and training. Combined with improvements in software development and computational power, the in silico simulation and prediction of nanomaterial-protein interactions could certainly become a powerful tool to support the prediction of the (patho)-biological relevance and biomedical impact of the nanomaterial-(protein) corona in general.
Resolving the impact of the NP-corona for processes at the nano-bio interface -from in vitro to in vivo
Clearly, determination of the qualitative and quantitative (kinetic) corona profiles is a prime and critical step in NanoSystems in order to understand the biological impact of the nanoparticle corona on living systems. However, although such comprehensive information is key for the subsequent interpretation and prediction of potential corona-mediated biological effects, these data have to be complemented by biological assay systems of varying complexity. Here, a tiered approach should be applied in order to reduce the complexity of biological systems and finally to understand the biological impact of the NP corona on living systems. Tier 1. The specific routes by which NMs can enter the human body, and potentially elicit (adverse) effects, are understood to include inhalation, injection, ingestion and permeation through (diseased) skin. Conventional cell culture models representing these targets were developed almost a century ago and have demonstrated significant value in biomedical research and the safety testing of chemicals. Albeit for ecology applications, cell-based assay systems are less frequently used, current developments allow expanding their applications also in nano-ecotoxicology, 177, 178 including for water organisms, such as fish 179 or Daphnia magna cell lines, 180 as well as for soil organisms, 181 including Enchytraeus crypticus models. 182 Thus, simple or highly advanced in vitro models mimicking major exposure and application routes of NPs in mammals and ecosystems need to be used for identifying and dissecting basic coronadependent structure activity relationships (CoroNanoSARs). Currently, cell models are exposed to pristine or coronacovered NPs often in low throughput applications. Assays are performed either by precoating the NPs with biomolecules or by performing the experiments in biomolecule-containing liquids, such as NOM-or FCS-containing cell culture media. Albeit such studies have provided basic insights into corona-mediated effects, their low throughput and lack of standardization make interlaboratory comparisons often difficult, sometimes even leading to contradictory results. 4, 16, 82 To overcome these problems, high-throughput screening (HTS)/high-content screening (HCS) experimental systems should be used, exploiting technological knowledge from the drug development pipelines and toxicity testing in industry and academia gained over the last ten years. Cell-based HCS has evolved dramatically, allowing HTS applications to measure the responses of cells to chemicals and, as recently described, also to NMs. 6, 54, [183] [184] [185] The concept and technological execution of such assay systems have been review by Nel and colleagues, 183, 184, 186 albeit the impact of the biomolecule corona has not been specifically investigated so far. The workflows used predominantly for such HCS/HTS screening approaches mostly focussed on classical plate readerbased assays using biochemical readouts. 183, 184, 186 However, the ability to automate the capture and analysis of the fluorescent images of thousands of cells has made fluorescence microscopy an additional tool for systematic cell biology investigations, and also applicable for investigating nanobiology. Importantly, HTS assays have been developed that can be automatically performed in microtiter plates, and thus, the analysis is highly economical for cells and NPs, and, furthermore, can be executed under stable standardized experimental procedures (SOPs).
An example for such a high-throughput microscopy-based screening workflow to investigate the impact of the plasma protein corona is illustrated in Fig. 12 . Here, the biological activity of well-characterized NPs will be assessed by high content cell-based assays, in multiple cell types and multiple doses, in the absence and presence of the plasma protein corona.
Experimentally, pristine and protein-coated NPs can be profiled using an automated high-throughput microscopy platform combined with a pipetting robot, data storage and bioinformatic analysis hardware and software. 62, 82, 183, 184, 186 Each NP can then be characterized by a reactivity profile P NP = {Rdca}, in which each feature is the normalized assay result Rdca that emerges when the NP is added at dose d to cell type c, and its effect is measured using assay a. As each NP profile is composed of (d c a) features, it samples much more biological activity information than is accessible by characterizing NPs in a single cell type and using only a single phenotypic assay. Bioinformatic clustering methods can then be applied to classify the NPs into groups based on similarities in their P NP , i.e. based on similarities in their patterns of biological effects in different cellular contexts. 62, 82, 183, 184, 186 Subsequently, data can be bioinformatically exploited to correlate the nano-structure activity relationships (NanoSARs) with the corona profiles.
Combining systematic analytical and cell-based technologies with recent advances in bioinformatics is accepted as a powerful approach to rationally dissect and understand the cause-effect relationships of NMs in living systems. Thus, analytical and experimental data delivered by proteomic and in vitro HTS profiling experiments, can be collected in a data repository. This data repository can be used for the identification of CoroNanoSARs linking protein coronas with the NPs' characteristics and biological effects. Here, hierarchical clustering (unsupervised and consensus clustering), as well as the class prediction of NPs based on biological pathways, can be performed by using state-of-the-art software tools. 62, 82, 183, 184, [186] [187] [188] Importantly, recent developments have aimed to combine and mine Fig. 12 HTS to determine NPs' activity profiles P NP using a high-throughput, microscope-based platform. The assays are bioinformatically analysed and the results stored in a database, allowing researchers to correlate nanoSARs with corona profiles. As an example, assays testing the vitality or reactive oxygen species (ROS) are chosen here.
data obtained by methodological divergent 'omics-technologies', such as proteomics, transcriptomics, metabolomics, cellomics and epigenomics, allowing researchers to build a multi-classifier score for each type of NP studied. 187, 189 Moreover, biological pathway exploitation will provide rational information about which type of NP affects the corona-dependent cellular responses to aid the subsequent identification of key corona proteins causally involved in the observed biological effects. In principle, the outlined workflow is also applicable to other exposure routes, such as the gastrointestinal tract, the lung or other organs, as well as to investigate other types of biomolecule coronas. Albeit comprehensive reports investigating the impact of NMs on ecosystems by using appropriate cell-based assays are still lacking, the technologies for developing such assays are in place, and would be useful for resolving a variety of corona-related and corona-unrelated questions in nanoecology.
Nevertheless, one should keep in mind that the design and execution of such HTS assays is demanding, especially concerning technology platforms, experimental workflow and experience in data acquisition and handling. Also, in contrast to soluble chemicals, one will certainly encounter additional problems that need to be resolved when studying pristine and corona-covered NMs, such as the aggregation of certain NMs upon contact with salt and/or protein/biomoleculecontaining liquids. Such a type of aggregation may be problematic when using automatic pipetting stations and may need appropriate pre-treatment, such as sonication or other dissolution techniques. 12, 62, 82, 183, 184, 186, 190 Tier 2. Albeit conventional two-dimensional (2D) cell monocultures are ideal for future HCS/HTS approaches and have already provided important information regarding CoroNanoSARs and/or the pathways of toxicity (PoTs), the relevance of the obtained results need to be confirmed by using cell models mimicking more closely the in vivo situation. Some limitations of the cell monocultures lie in the differentiated functions of many cell types in communicating with their natural neighbouring microenvironment and, thus, in the accurate prediction of in vivo tissue function and prediction of the NPs' effects by such simplified models. For example, the pulmonary system with almost 40 different cell types is indeed highly heterogeneous. Shortcomings of the 2D set-up concern the lack of mimicking of the complex three-dimensional (3D) microenvironment, in which the cells and an extracellular matrix exist in an organized structure. In this regard, efforts have been shifted towards developing multiple 3D culture systems that can better recapitulate in vivo tissue functions. Compared with 2D cell cultures, 3D models can better capture the signalling pathways and the response to NPs. 191 Hence, in vitro co-culture systems of higher complexity are valuable tools to verify the relevance of the mechanistic insights obtained from more simple experimental systems and to further evaluate the effects of NPs on organs and human health. Although even state-of-the-art co-culture systems are still far from completely mimicking an in vivo tissue, such models permit cell-to-cell communications, inter-/intrasignalling regulations, as well as the inter-/intra-NPs trafficking that is absent in monocultures. 192, 193 Albeit such systems have not been applied so far to analyse the impact of the biomolecule corona on the fate of NPs, a suitable transwell triple-culture system of the alveolar-capillary barrier is illustrated in Fig. 13 . Here, endothelial cells are seeded in a transwell insert, and a triple culture consisting of lung surfactant-producing alveolar epithelial cells and immune cells, such as macrophages, are established. Both, the insert with the endothelial cells and the other cell types can be cultivated in the same well, thus allowing cellular communication via soluble second messengers. 192, 193 The communication between endothelial cells and cells that have direct contact with pristine or corona-covered NPs may play an important role in the systemic effects of NPs and, thus, may result in a more realistic judgement regarding the impact of the NP corona. Moreover, changing the biomolecule composition of the medium in the upper or lower well of such a multi-layered system may also allow researchers to experimentally investigate the effects of different types of coronas in combination, e.g. surfactant lipid-protein coronas versus protein coronas alone, as well as to study corona maturation during NP trafficking from one cell type to the other. Such models have a high potential to unravel some of the mechanisms involved, and will serve as a valuable tool for the rational planning of subsequent in vivo studies. Tier 3 -organ on a chip. In addition to 2D/3D co-culture systems of increasing complexity, recent technological developments, including the application of nanotechnology, allow us now to develop 'organ-on-a-chip' systems to move further towards mimicking complete tissues. 194, 195 Even the 3D cell culture model illustrated in Fig. 13 has its drawbacks. For instance, due to the absence of fluid flow, the interaction of the cells with circulating blood and cells of the immune system cannot be investigated. The absence of homogenous perfusion results in improper gas and nutrient exchange through the core of the constructs. Additionally, the gravitational settling of NPs in static conditions affects the outcome of dosage optimization studies. The systems also lack tissue-tissue interfaces, such as the mechanical forces between endothelium and the surrounding connective tissue. These limitations may make, for example, the evaluation of NP-based drug carrier systems in static in vitro assays difficult. The integration of advanced 3D-tissue engineered constructs with microfluidic network systems, named 'organ-on-achip', provides a novel platform not only for chemicals but also for better testing nanomaterials. 194, 195 These systems are microfluidic devices for culturing living cells in continuously perfused small chambers in order to model the functions of organs and tissues. However, these systems are far away from building or mimicking a whole organ, but such models could be used to synthesize minimal functional tissue or organ units that recapitulate important functions at the respective organ-or tissue-level. Simulation of the in vivo microenvironment is the great advantage of these models. The geometry and the structure of the system recreate physiological parameters like the length scales, concentration gradients and fluid flow, which generate the mechanical forces the cells and NPs are subject to in the tissues. Through manipulation of the microlitre volume of lipids, scaling and dynamic crosstalk between the cells and pristine or corona-covered NPs can be achieved. 194, 196, 197 Organ-on-a-chip systems may contain very simple systems with single microfluidic chambers with a single cell culture simulating the functions of one tissue type 198, 199 or may employ more complex models. Through the integration of microsensors that report on the cell culture and (micro)environmental conditions, organ-on-a-chip systems offer great advantages over conventional 3D cell cultures. 200 However, the technical challenges for a functional microfluidic organ-on-a-chip system are much higher than for conventional 3D cell cultures, including not only their fabrication but also concerning analysis. Because of the precise and consistent position of the organ-on-a-chip cell types, different analytical assays like fluorescent confocal laser scanning microscopy, microfluorimetry, trans-epithelial electrical resistance measurements and multiple electrode arrays can be integrated with this system. In spite of the challenges, organ-on-achip systems offer great potential in reducing the need for expensive and time-consuming animal studies and can speed up the safety evaluation of nanomaterials. Despite this enormous potential, such tools have not been used to investigate the impact of the biomolecule corona so far. Tier 4 -animal systems. Ultimately, animal experiments will be needed at the last level to verify the in vivo relevance of corona nano structure-activity mechanisms, as well as of corona-dependent pathways of toxicity. 23, 201, 202 Currently, various animal models are in principle available to investigate and dissect the relevance of the NPs biomolecule corona for human health and ecosystems. These range from rodents to fish and other water organisms, to soil organisms, bacteria and fungi; these have been reviewed before. 23, 67, 178, 181, 182, 201 Notably, recent developments have also successfully applied HTS/HCS approaches for whole animals, such as zebrafish. 184, 203 However, comprehensive reports on studies focussing particularly on the biomolecule corona are lacking so far. Clearly, researchers are facing various experimental and analytical challenges when investigating not only 'simple' endpoints such as vitality, but when analysing the corona-mediated fate and biotransformation of NPs in vivo. Here, the recovery of NPs from various organs, such as the liver, lung or tumour tissues under corona-preserving experimental conditions will require the development of novel extraction protocols and imaging techniques. Though, as outlined above, the information gained from our CoronaSystems pipeline, starting with analytical corona profiling, combined with (HTS) 2D/3D in vitro co-culture models together with bioinformatic predictions, can help guide the rational design and execution of animal experiments and also help to design specific tools according to the mechanism under investigation. It takes three to tango -impact of the NP corona on the microbiome-host interaction
The human microbiome is defined as the sum of all microbial organisms that reside in the body, including bacteria, fungi and archaea. Scientific and medical interest in the human microbiome has increased dramatically in recent years, following reports that the type and number of microorganisms seem to play important roles in the onset of several medical conditions, including obesity, cancer and diabetes. [208] [209] [210] In the healthy state, the microbiome actually helps with basic physiological processes ranging from digestion to growth to self-defense against hostile microorganisms. Hence, it is now accepted that the microbial communities that colonize different human organs play important roles in many aspects of health and disease. [211] [212] [213] Notably, different types of microorganisms are present in all the major exposure and entry sites for NPs in the human body, as well as in environmental organisms (Fig. 14A) . As xenobiotics are involved in actively shaping the human microbiome, 214 the field has just now started to explore the impact of NPs on endogenous microbial communities and the subsequent relevance for nanotoxicology and an organism's health in mammalian, as well as in environmental, model systems. [211] [212] [213] Indeed, recent studies in rats, as well as in zebrafish, have provided the first evidence that exposure of the gastrointestinal system with Ag-or Cu-NPs affects the populations of intestinal microbiota and intestinal-mucosal gene expression patterns. [211] [212] [213] These results indicate that at least the oral exposure route to NPs may alter mucosa-associated microbiota, and modulate the gut-associated immune response and the overall homeostasis of the intestinal tract. It is estimated that the human body contains over 10 times more microbial cells than human cells. [208] [209] [210] Hence, albeit we are faced with more than a thousand reports on the impact of the NP corona on human cells, it is more than surprising that no studies on the relevance of the NP corona on the microbiome, as well as on microbiome-host interactions, have been reported so far. As discussed above, it is expected that microbial organisms, as well as the microbiome-host cell microenvironments, face mostly biomolecule corona-covered rather than pristine NPs. Albeit experimental data are still lacking, the impact of the biomolecule corona can be manifold. Here, not only the characteristics of the NP itself but also the type and profile of the corona may directly affect the interaction of the microbial cell with the NPs, thereby influencing the vitality and activity of microbial populations (Fig. 14A) . In addition, the decoration of microorganisms with pristine or biomolecule corona-covered NPs may determine whether a NP-microorganism complex is more or less effective when interacting with host cells. For example, the recognition, uptake and destruction of microorganisms by macrophages or other immune cells might be influenced by this ménage à trois (Fig. 14B ). In the different organs, such as the lung, mouth or the gastrointestinal tract, not only the protein corona but also other types of biomolecule coronas will certainly play a major role. As such interactions will particularly be of high importance for the physiological in vivo situation, including in ecosystems, the field is now challenged with the design of experimental systems and methods to address these questions. 
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Fact or fiction -nanologicals: NP-based targeting of molecular machines
The applications of nanotechnology in life sciences imply the development of materials designed to interact with biomolecules at the molecular scale with a high degree of specificity. In this review, so far we have predominantly focused on what happens to the technical and biological identity of NPs once they are covered by a biomolecule corona. However, let's flip the coin and vice versa discuss the consequences of the binding of proteins or biomolecules to NPs, with regards to their structure and function, as well as the overall impact of these interactions for biological or ecological systems. Protein adsorption occurs spontaneously if it is thermodynamically favourable. During adsorption, conformational changes may be induced in proteins, particularly when hydrophobic or charged protein domains interact with hydrophobic or charged NP surfaces. Clearly, the degree of conformational change upon binding depends on both the structure and chemistry of the protein, as well as on the physico-chemical characteristics of the NP. Highly stable proteins, i.e. proteins with strong internal stabilizing forces such as salt bridges or disulfide bonds, are expected to be less affected upon binding. In contrast, proteins with highly flexible domains, like loop structures or protruding helices, will most likely be influenced more severely, which may even lead to the loss of protein activity. Conformational changes may also alter the way in which an adsorbed protein is presented to its environment by exposing normally inaccessible domains or by rearranging critical binding or catalytic domains. 17, 67 Indeed, there are several examples that NPs are capable of inactivating proteins such as proteolytic enzymes, cytochrome c, fibrinogen, LDH and others. 27, 60, 61, 215, 216 Circular dichroism spectroscopy has suggested that the structure of some of the examined proteins, although not all of them, was significantly altered by adsorption to the nanoparticle surface. Also, the charge was found to be an important determinant in some cases, partially explaining the NPs' inhibitory activity. 27, 60, 61, 215 In contrast, a range of NMs with different sizes and shapes has been reported to show positive effects on enzymes and molecular machines, such as the proteasome. 215, 217 Collectively, these data indicate that, in contrast to bulk materials, a certain binding specificity of nano-sized objects for a specific (class of) protein(s), and also other biomolecules may exist. Notably, the binding constants, K d s, determined for the adsorption of proteins to NPs were reported to range between 10 À4 and 10 À9 M, very similar to the highly selective and biologically relevant antibody-antigen interactions.
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Although we are still at the beginning of understanding the rules and underlying mechanisms of these effects, we hypothesize that such 'targeted' nanomaterial-biomolecule interactions may be of high translational relevance for biotechnology and nanomedicine applications.
Current nanomedical applications are mostly restricted to imaging, implant functionalization or drug delivery, often relying on additional laborious (bio)molecular functionalization of the NM (of chemical and/or biological origin) to obtain specificity and the desired activity.
In contrast, we propose the new concept of 'nanologicals'. Here, target-specificity and activity are exclusively conferred by the physico-chemical characteristics of the respective nanomaterial, such as size, geometry, charge, roughness and/or surface energy (Fig. 15A) .
A potential modus operandi of nanologicals in an extracellular environment is exemplified in Fig. 15B for the cancer relevant epidermal growth factor receptor (EGFR) signalling pathway.
Besides surgery or irradiation, current therapies are based on the application of 'chemicals' and/or 'biologicals'. As depicted in Fig. 15 , treatment with chemicals, such as the tyrosine kinase inhibitor Iressa, or biologicals, such as the monoclonal antibody Cetuximab, impede the intra-or extracellular activation of the EGFR pathway, and thus ultimately the tumour progression. 218, 219 The activity of both, chemicals and biologicals is, however, mediated by specific chemical (supra)molecular interactions between the agents and the target domains of the EGFR. Herein, we now propose that also certain NPs may be capable of (specifically) binding to the EGFR, thereby blocking/inducing conformational changes in domains critical for natural ligand binding or the receptor's catalytic activity. Consequently, EGFR signalling is inhibited, potentially resulting in the termination of oncogenic programmes in cancer cells. As most NPs are also taken up by many cell types, 220 the inhibition or even activation of multiprotein complexes may also occur intracellularly. Nanologicals thus challenge the current paradigm that drugs have to be exclusively based on chemicals or biologicals.
As exemplified by the EGFR, proteins and enzymes are large biomolecules regulating almost all chemical reactions in numerous (patho)biological processes, including signal transduction, gene expression, immune responses, metastasis and metabolism. As enzymes are also widely used in the pharmaceutical and medical fields, and food and environmental industries, the rational regulation of enzyme activity and stability by such novel devices could become an important research area. 215 However, proof-of-concept reports, particularly in complex biological environments such as cancer cells or other disease models are lacking so far. In the majority of studies, the impact of the NPs on the target protein was shown in the absence of competing proteins. In some studies, target protein inhibition was prevented by the presence of other proteins, most likely through competition for direct target protein-NPs interaction. 221 However, upon success this concept will open up a variety of unprecedented applications of nanologicals, not only as 'nanoprobes' to dissect (patho)biological processes but also as potential tools for the treatment and diagnosis of diseases. Compared to certain chemicals and particularly biologicals, nanologicals are expected to be more stable outside and inside physiological environments, and are also likely to be produced easier and cheaper under highly standardized (GLP) conditions. Clearly, the steadily increasing advances in the chemical/physical design and synthesis of NMs now allow the rational production of a huge variety of NMs, representing a so far unexplored valuable reservoir.
Still, we are facing a variety of challenges before nanologicals might become a reality. At the moment, the underlying physicochemical mechanism and criteria on both the NPs and on the target side allowing one to predict a priori a positive, neutral or negative effect of a nanomaterial on a specific protein are far from understood. Hence, similar to global corona profiling, comprehensive (e.g. high-throughput) screens testing a variety of NMs against numerous targets need to be performed in order to identify and dissect these NanoSARs. Notably, the bioinformatic analysis of global proteomic corona binding profiles obtained from various environments, such as from the extracellular matrix and intracellular or organelle lysates, may allow a first selection of 'matching pairs' of target protein and nanomaterials for the rational planning of subsequent studies.
Whether nanologicals will indeed be active in the highly complex in vivo or ecosystem environments remains to be proven.
The future is now -conclusion and outlook
In this review, we have provided ample argumentation as to why the biomolecule corona is far from being an 'out-dated' and already resolved topic in basic, as well as in applied, nanoscience. Even regulatory agencies have begun to accept that corona signatures might be relevant for NMs' risk assessment and prediction. Although the relationship between nanomaterial design and physiological responses has been studied intensely for almost two decades, only some general principles have emerged. Even less is known in the complex area of nanoecology and 'green chemistry'. However, even in the field of environmental research, the biomolecule corona is now no longer ignored as an unknown factor, but instead is acknowledged as a potential but yet unexplored opportunity to understand and predict the impact of NMs on the environment.
In addition to unresolved old challenges, such as the reliable determination of the physical and chemical parameters of NPs in complex fluids, herein we introduced and discussed several new challenges that the field is facing. The complexity of environmental systems has so far prevented swift progress in investigating and understanding 'coronas' in the environment. Here, new tools for their analytical dissection and simplified model systems for the identification of corona-structure function relationships are needed.
Also, the corona's complexity increases once we are dealing with physiologically relevant complex microenvironments in biological systems, including the human body. Here, interactions between nanomaterials, cells and additional 'inhabitants' such as microbes or fungi have not been addressed in detail so far. However, we predict that the corona will also be a critical determinant rather than a bystander in regulating nanomaterialmicrobiome-host interactions. Moreover, besides proteins, also other biomolecule coronas require intensified analytical as well as functional investigation.
Despite these still pending challenges, we also learned some lessons. It is now accepted that biomolecule coronas are established rapidly, and that their formation most likely occurs to varying degrees for all nano-sized materials in general. Hence, the (long term) existence of pristine NPs in complex physiological or ecological environments appears to be rather an exception to the rule. Corona profiles are highly complex, consisting of a variety of adsorbed proteins potentially capable of modulating (patho)biological responses, and are rather stable ex situ. Indeed, the first protein corona signatures seem to be now emerging, and are being used to predict responses at the nano-bio interface. However, there is still an unresolved debate about whether corona profiles change significantly over time, particularly in time frames in which biological responses are expected. Nevertheless, the long-term effects and the relevance of coronas on the fate and transformation of NPs deposited in organs or ecosystems require future attention.
The good news is that we do not have to reinvent the wheel. Our 'corona analysis toolbox' contains many powerful techniques, thus allowing a comprehensive characterization of pristine and corona-covered NPs. Furthermore, novel bioinformatic algorithms are under development for in silico modelling and prediction. Quantitative, high-resolution LC-MS/MS is now capable of dramatically reducing the biomolecule corona characterization time and can provide quantitative data from large libraries of nanomaterials. Nevertheless, moving forward clearly requires applying these methods under standardized operating proceduresdetailed enough to ensure data quality and to allow interlaboratory comparison. In order to comprehensively analyse corona profiles and to mechanistically understand the coronas' biological/ecological impact, a tiered multidisciplinary approach is clearly mandatory/requisite, including not only comprehensive analytical methods but also the involvement of high throughput/ high content 'omics' technologies together with bioinformatic data mining to reach the next level. Despite the achievements of the past years, the establishment of nanostructure activityrelationships linking NP/corona properties to (patho)physiological or ecological responses remains a still distant goal. Such knowledge is ultimately needed not only to understand and minimize nanotoxicity but also to develop NMs for improved future applications.
However, we are not only facing challenges but also encountering novel opportunities. Will nanologicals remain fiction or potentially become a fact?
Clearly, to further translate the 'lessons learned' and to accept, mitigate and finally resolve the challenges, comprehensive interdisciplinary research programmes such as the drafted CoronaSystems are a must!
